Biological nitrogen fixation is a capability found in diverse genera of bacteria, including plant root-associated symbionts, free-living bacteria, and cyanobacteria. The conversion of N 2 to NH 3 is catalyzed by the nitrogenase enzyme complex, which comprises two separable components. Nitrogenase MoFe protein is an ␣ 2 ␤ 2 tetramer containing the cofactor FeMoco, believed to be the site of nitrogen reduction. Nitrogenase Fe protein is the obligate electron donor to MoFe protein. Fe protein is a homodimer, containing a [Fe 4 S 4 ] cluster bound by cysteinyl ligands at the dimer interface (reviewed in reference 9). Nitrogen fixation is extremely expensive in terms of the biological energy requirement. No fewer than 16 high-energy phosphoanhydride bond cleavages (ATP energy equivalents) are required for the reduction of a single dinitrogen molecule (21) . In response to this requirement in the unstable microbial environment, some nitrogen-fixing bacteria have adopted a posttranslational regulatory system in which the activity of the electron carrier, Fe protein, is regulated. Inhibition of Fe protein activity is achieved by ADP-ribosylation of a specific arginine residue located on the surface of Fe protein that interacts with MoFe protein (6, 26) .
The ADP-ribosylation system has been best characterized in the purple nonsulfur bacterium Rhodospirillum rubrum. The NAD ϩ -dependent ADP-ribosylation of R101 of the R. rubrum Fe protein is catalyzed by dinitrogenase reductase ADP-ribosyltransferase (DRAT) in response to energy limitation or nitrogen sufficiency (16) . Upon relief of these negative stimuli, dinitrogenase reductase-activating glycohydrolase (DRAG) removes the ADP-ribose moiety, restoring the original, fully active Fe protein (17, 29) . DRAT and DRAG are encoded by the dra operon, located 0.5 kb upstream from nifH (encoding nitrogenase Fe protein) and transcribed in the opposite direction (3) . Also included in the dra operon is draB, located downstream of draG and encoding a protein of unknown function. A deletion in draB exhibits a weak phenotype, inactivating Fe protein more quickly and reactivating Fe protein more slowly than a wild-type strain (13) . The entire draTGB operon has been identified in Azospirillum spp. (10) , but in Rhodobacter capsulatus the dra operon lacks draB (20) .
Regulation of in vivo DRAT and DRAG activities has been demonstrated in R. rubrum, but the means by which these enzymes are regulated has not been determined. Regulation of DRAT has been demonstrated in an R. rubrum draG mutant. Under nitrogen-fixing conditions, this mutant retains full nitrogenase activity and ADP-ribosylation is not observed (13) , meaning that DRAT must be inactive under these conditions. Regulation of DRAG has been demonstrated with a 32 P pulsechase experiment (11) . The [ 32 P]ADP-ribose label on inactive Fe protein does not turn over under conditions of continual negative stimulus (nitrogen sufficiency). Therefore, DRAG must be inactive during this phase of the ADP-ribosylation cycle. Regulation of DRAT and DRAG may be, in part, in response to the nucleotide bound to Fe protein. DRAT and DRAG have opposite specificities for the ATP-and ADP-bound forms of Fe protein (15, 28) . However, fluctuations in the overall cellular ATP/ADP ratio during Fe protein inactivation-reactivation cycles are insufficient to fully explain the regulation of ADP-ribosylation (25) . Cellular fluctuations in NAD ϩ concentrations have also been suggested as a potential regulator of DRAT (23, 24 (22, 27) . Pyruvate-flavodoxin oxidoreductase (NifJ), in turn, is the obligate electron donor to NifF (27, 31) . In this report, we demonstrate the functional expression of the R. rubrum dra operon in K. pneumoniae and the regulation of DRAT and DRAG activities in the K. pneumoniae transformants. The effects of in vivo perturbation of the nitrogen fixation electron transport chain on the modification of Fe protein were examined.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains used in this study are listed in Table 1 . Escherichia coli DH5␣ (30) was used to maintain plasmids.
Construction of plasmids for the expression of the dra operon. To create a system for low-level expression of the dra gene products in K. pneumoniae, the draTGB operon was cloned into the low-copy-number plasmid pEXT21 under the control of the P tac promoter. The draTGB operon from R. rubrum, including a portion of nifH located upstream and in the opposite orientation, has been previously cloned into pUC19, yielding plasmid pYPZ148 (Y. Zhang, unpublished results). This plasmid was digested with BamHI and PstI, yielding two BamHI-PstI DNA fragments of 2.7 kb (the draTGB operon and a pUC19 fragment), as well as other, smaller DNA fragments. The 2.7-kb DNA fragments of pYPZ148 were ligated into pEXT21 that had been digested with BamHI and PstI at unique sites in the multicloning region. E. coli DH5␣ cells were transformed by the ligated plasmids using a standard heat shock method (30) . The resulting draTGB-bearing clones were resolved from those bearing the pUC19 fragment by replicate plating; bacteria bearing the pUC19 fragment were Ap r , while draTGB-bearing clones were Ap s . The plasmid containing the draTGB operon under the control the P tac promoter of pEXT21 was designated pCH1. Note that, in this plasmid, the translation of DRAT is dependent on the native ribosome binding site. A plasmid expressing only draT was produced by excision of a 1.0-kb HindIII fragment from pCH1. The excised fragment includes the last 70 bp of draG, the entire draB gene, and a portion of the pEXT21 multicloning site. This deletion in draG has been shown to be sufficient to abrogate DRAG activity (7) . The plasmid resulting from the HindIII fragment excision was designated pCH3.
K. pneumoniae transformation and growth conditions. Recipient K. pneumoniae strains (see Table 1 ) were transformed with plasmids pCH1 and pCH3 using a freeze-thaw procedure (32) . K. pneumoniae strains were isolated and grown in LC media (1% tryptone, 0.5% yeast extract, 0.5% NaCl) at 30°C. Stocks of each strain were stored in 10% dimethyl sulfoxide at Ϫ80°C. For nif derepression of K. pneumoniae, frozen stock was inoculated into minimal medium with 0.2% ammonium acetate (25 mM) as the nitrogen source (22) and was grown aerobically at 30°C for 24 h. The overnight cultures were inoculated (1:50) into the same minimal medium and again grown aerobically for 24 h at 30°C, reaching a maximal optical density at 600 nm (OD 600 ) of ϳ6. The cells were collected by centrifugation (4,000 ϫ g, 10 min at 4°C) and resuspended in 5 volumes of minimal medium, in the absence of ammonium but in the presence of 0.015% serine. When appropriate, the expression of draTGB was induced by the addition of 50 M isopropyl-␤-D-thiogalactopyranoside (IPTG). Cultures were degassed and flushed with argon three times and were then incubated anaerobically for 5 h in anaerobic 60-ml glass vials.
In vivo nitrogenase assay. Nitrogenase activity was measured by the acetylene reduction method (1) . To measure whole-cell activity, 1 ml of K. pneumoniae cells was transferred anaerobically into a 9-ml anaerobic vial containing 10% acetylene (in argon) headspace. The assays were incubated 2 min at 30°C with shaking and then were terminated by the addition of 0.4 N NaOH. The ethylene produced was detected by flame-ionization-monitored gas chromatography, using an Alltech Porapak N 80/100 column on a Shimadzu GCF gas chromatograph. Nitrogenase activities are expressed as nanomoles of ethylene formed per milliliter of cell culture per hour, normalized to a cell culture OD 600 of 1.0.
Determination of [ 32 P]ADP-ribose turnover on Fe protein.
K. pneumoniae cells (strain UN5482) were grown, derepressed for nitrogen fixation, and assayed for nitrogenase activity, as described above, except that the cultures were grown in the presence of 2 Ci of H 3 32 PO 4 ml Ϫ1 (3 mM total P i ) and the cells were buffered with 0.3 M MOPS (morpholinepropanesulfonic acid; pH 8.0). After derepression for 5 h, 25 mM ammonium acetate was added to the cells to effect inactivation of nitrogenase Fe protein. Upon complete inactivation of Fe protein, the 32 P label was chased by the addition of 0.3 M unlabeled P i (pH 8.0). At 1-h intervals, 5-ml samples of cell cultures were precipitated by the addition of 10% trichloroacetic acid. After centrifugation, the precipitated pellets were washed successively with 1:1 and 1:3 ethanol-ether solutions. The dried pellets were resuspended in 1 ml of 50 mM Tris (pH 7.5)-150 mM NaCl-0.1% Igepal CA-630 (Sigma)-1 mM EDTA-0.02% sodium azide. After removal of cell debris by centrifugation, the supernatant was incubated with 0.2 mg of anti-Fe protein immunoglobulin G (IgG) purified from a crude rabbit antiserum raised against Azotobacter vinelandii and R. rubrum Fe protein. The IgG-Fe protein complex was coprecipitated with protein A affixed to Sepharose beads. Proteins were solubilized from the Sepharose beads in Laemmli sodium dodecyl sulfate (SDS) sample buffer (12) . The proteins were resolved in a 10% polyacrylamide gel (0.6% cross-linked) by SDS-polyacrylamide gel electrophoresis (PAGE). The [ 32 P]ADP-ribose label on nitrogenase Fe protein was quantitated from a Cyclone Storage Phosphor screen (Packard) exposed to the gel for 72 h.
At each sampling time, the OD 600 of each culture was obtained. Additionally, 0.5 ml of culture was collected by centrifugation (5,000 ϫ g, 1 min) and was resuspended in 0.5 ml of distilled, deionized H 2 O. The total cellular 32 P content was determined by liquid scintillation counting of 50 l of resuspended culture.
Quantitation of nitrogenase Fe protein by immunoblotting. Samples of K. pneumoniae cultures derepressed for nitrogen fixation were precipitated by the addition of 10% trichloroacetic acid. After centrifugation, the precipitated pellet was resuspended in Laemmli SDS sample buffer. Nitrogenase Fe protein composition was quantitated by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech)-developed immunoblots of samples electrophoresed in a 10% polyacrylamide gel (0.6% bisacrylamide). Primary and secondary immunoblotting antibodies were anti-A. vinelandii Fe protein raised in rabbit and horseradish peroxidase-linked anti-rabbit IgG raised in goat. The intensities of the ADP-ribosylated subunit (slower migrating) and the unmodified subunit (faster migrating) of nitrogenase Fe protein were determined by scanning the ECL (Amersham)-developed X-ray film with a Personal Densitometer SI (Molecular Dynamics). The percentage of subunits modified was calculated from the proportion of nitrogenase Fe protein in the slower-migrating form. This study RESULTS Expression of draTGB in K. pneumoniae. Plasmids were constructed that expressed the dra operon in low quantities, similar to the levels observed in wild-type R. rubrum. In plasmids pCH1 (draTGB) and pCH3 (draTGЈ), the dra genes were cloned into the pEXT21 low-copy-number expression vector (2) . In these constructs, the transcription of dra was placed under the control of the P tac promoter. The strong transcriptional terminator rrnBT2 was located downstream of the dra genes. The lacI q gene was present in the construct, reducing IPTG-independent expression of draTGB. The cloned region of the dra operon included ϳ40 bp upstream of the TTG draT start codon. This region included the ribosome binding site required for DRAT translation.
K. pneumoniae strains transformed with pCH1 retained the original nif phenotype. Cultures of K. pneumoniae UN (wild type) transformed with pCH1 (strain UN5482) exhibited the same initial nitrogenase activity (ϳ1,000 nmol/ml/h) as UN transformed with pEXT1 (strain UN5491) (Fig. 1) . Transformants derived from Nif Ϫ strains retained the Nif Ϫ phenotype. UN5484 (nifD) and UN5485 (nifJ) exhibited no acetylene reduction activity (data not shown). UN5486 (nifF) had a trace of activity (3 nmol ml Ϫ1 h Ϫ1 ), reflecting the slightly leaky phenotype previously described for nifF mutants of K. pneumoniae (27) .
Exogenous ammonium has previously been shown to cause inactivation of nitrogenase in K. pneumoniae strains overexpressing DRAT and DRAG (4). To determine the minimum level of DRAT expression required to cause this inactivation, expression of draT was induced by varying amounts of IPTG in nitrogen-fixing UN5483 (draTGЈ, UN background) cultures. In low concentrations of IPTG (Յ10 M), a gradual reduction of nitrogenase activity (50% loss of activity over 30 min) was observed in response to the addition of 0.5 mM ammonium acetate. This inactivation appears to be due to background expression from the strong P tac promoter. Rapid inactivation (100% loss of activity in 10 min) was achieved by dra induction with 50 M IPTG. Expression of dra genes was induced by 50 M IPTG in all further experiments. At this level of induction, neither DRAT nor DRAG could be detected in K. pneumoniae strains by ECL-developed immunoblots (data not shown). From the known detection limits of this method, DRAT and DRAG were present at Ͻ0.5 g per ml of cell culture (OD ϭ 1.0). This places DRAT and DRAG, at most, at levels similar to those described in R. rubrum (0.1 to 0.3 g per ml of cell culture at an OD of 1.0) (14, 29) . Note that DRAT and DRAG are also undetectable in R. rubrum UR2 (wild type) crude extracts by immunoblotting; the proteins are only detected after partial purification or in crude extracts of overexpressing strains (7) .
Reversible inactivation of nitrogenase Fe protein. In the K. pneumoniae system using the parameters described above, functional activities of both DRAT and DRAG in vivo in response to exogenous ammonium were demonstrated. In response to the addition of 0.5 mM ammonium acetate, UN5482 (draTGB) exhibited a complete loss of nitrogenase activity in 15 min (Fig. 1) . After approximately 15 min (presumably upon exhaustion of ammonium), a rapid, complete restoration of nitrogenase activity was observed. In UN5483 (draTGЈ), inactivation was observed, but nitrogenase activity was not recovered even after a long time period (2 h). A K. pneumoniae strain carrying only the expression vector (pEXT21) in a wildtype background did not lose nitrogenase activity in response to added ammonium (Fig. 1) .
Regulation of DRAT and DRAG in K. pneumoniae transformants. Regulation of DRAT and DRAG activities in K. pneumoniae was demonstrated by experiments similar to those conducted by Liang et al. (13) and Kanemoto and Ludden (11) , which demonstrated that DRAT and DRAG activities are regulated in R. rubrum. A K. pneumoniae strain expressing only draT (UN5483), analogous to a draG mutant in R. rubrum, has full nitrogenase activity, relative to a draTGB transformant (Fig. 1) . Thus, DRAT becomes active only upon signaling initiated by ammonium.
Regulation of DRAG in K. pneumoniae transformants was demonstrated by showing that the ADP-ribose moiety on Fe protein turns over more slowly than the overall 32 P pool under conditions of constant negative stimulus. UN5482 (draTGB) cells grown on 2 Ci of 32 P ml Ϫ1 did not contain any radiolabeled material immunoreactive to anti-Fe protein antibody (Fig. 2A, lane ϪNH 4 ϩ ). Upon treatment with 25 mM ammonium acetate for 30 min, radiolabel appeared on Fe protein (Fig. 2A, lane 0) , and this label persisted for at least 4 h before disappearing. In contrast, the overall 32 P pool turned over much more rapidly, with a t 1/2 of 42 min (Fig. 2B) . Because the rate of exchange of the ADP-ribose label did not reflect the exchange rate of the overall cellular phosphorus pool, futile cycling of ADP-ribose must not be occurring and DRAG must be inactive under these conditions.
Correlation of immunoblots with nitrogenase activity. The fraction of nitrogenase Fe protein in the ADP-ribosylated (inactive) state was correlated to the decrease in cellular nitrogenase activity. Nitrogen-fixing cultures of UN5482 (draTGB) and UN5483 (draTGЈ) were treated with 0.5 mM ammonium acetate, and the state of the Fe protein was monitored by acetylene reduction activity and by immunoblotting. The Fe protein of UN5482 was initially unmodified (Fig. 3B) , and the fraction of Fe protein dimers modified was correlated to the nitrogenase activity (Fig. 3A and C) (note that when 50% of the subunits are modified, one subunit of each dimer is modified, yielding inactive protein). Fe protein in UN5483 remained fully modified after long time periods (Fig. 3D) . These results demonstrated that the immunoblotting protocol could be used as a valid estimation of the ADP-ribosylation state of nitrogenase Fe protein.
Inactivation response in nif mutants. K. pneumoniae strains containing mutations in nifD, nifF, or nifJ were transformed with plasmid pCH1 (draTGB) in order to examine the importance of the redox state of nitrogenase Fe protein on the rate of ADP-ribosylation. Cultures of these transformants were grown under nitrogen-fixing conditions. Inactivation of Fe protein was initiated by the addition of 0.5 mM ammonium acetate to the cultures. The extent of modification of Fe protein was followed by immunoblotting (Fig. 4) . In a nifD mutant (UN5484), in which Fe protein is thought to be predominantly reduced, the rate of modification was just over half that in the wild-type background (UN5482). Therefore, DRAT activity was inhibited when Fe protein was predominantly reduced. In nifF and nifJ mutants (UN5485 and UN5486), the rate of ADP-ribosylation was nearly twice that in UN5482, indicating that DRAT activity was enhanced when Fe protein could not be reduced. Note that in UN5485, modification of Ͼ50% of Fe protein subunits was observed consistently.
Reactivation response in nif mutants. Strains UN5482 (wildtype), UN5484 (nifD), UN5485 (nifF), and UN5486 (nifJ) were further monitored for the demodification of nitrogenase Fe protein. Demodification of Fe protein was observed in all four strains after a similar period of maximal modification (Fig. 5,  inset) . Note that Fe protein from the nifD strain (UN5484) was never fully modified (Ͻ50% subunits ADP-ribosylated) and that Fe protein from the nifJ strain (UN5485) was initially Ͼ50% modified. Reactivation of Fe protein was generally faster than inactivation (t 1/2 ϭ ϳ3 min), and rates of reactivation were similar for all four strains. Fe protein from the nifJ mutant (UN5485) was observed to retain a residual level of modification (ϳ10% of subunits) that decreased very slowly over an extended period of time (ϳ5% modified after 1 h). system for nitrogenase Fe protein has been used to study the regulation of DRAT and DRAG. At low levels of expression, the activities and regulation of DRAT and DRAG are similar to those observed in R. rubrum. This heterologous expression system lends itself to a number of useful applications. Since K. pneumoniae is more genetically tractable than R. rubrum, it may be possible to analyze the signal transduction pathway giving rise to ammonium-induced inactivation of Fe protein.
DISCUSSION
Although energy limitation signals have been described in the ADP-ribosylation systems of R. rubrum and Azospirillum brasilense, no corresponding response has been tested in the K. pneumoniae heterologous system.
The heterologous expression system functioned in a manner strikingly similar to that of R. rubrum, suggesting that the regulation of DRAT and DRAG occurs in response to compounds found in K. pneumoniae, which does not contain draTGB genes in the wild-type strain. Expression of the draT gene was required for the inactivation of Fe protein, and draG was required for reactivation. As in R. rubrum, the rate of inactivation appears to depend on the presence of the draG and draB gene products (13) , as a slightly faster inactivation rate was observed in UN5483 (draTGЈ) than in UN5482 (draTGB). Unlike the native R. rubrum system, the K. pneumoniae expression system is capable of complete inactivation of nitrogenase (Fig.  1) . Also, the rate of inactivation in response to exogenous ammonium is faster in K. pneumoniae (t 1/2 Ϸ 5 min at 0.5 mM NH 4 ϩ ) than in R. rubrum (t 1/2 Ϸ 20 min at 2 mM NH 4 ϩ ). These two phenomena may be interpreted as representing a stronger activating signal for DRAT, resulting in a longer transient activity. Because K. pneumoniae Fe protein is a better substrate for DRAT than R. rubrum Fe protein in vitro (14) , it is possible that DRAT is able to modify K. pneumoniae Fe protein in vivo under less-favorable conditions, resulting in a longer period of DRAT activity.
Previous studies have described the functional expression of draT and draG in K. pneumoniae (4, 5) . However, a number of drawbacks in this previously described system have prompted the developments described in this study. Previously, the dra genes were expressed at high levels (P tac promoter in pKK223-3 expression vector, 1 mM IPTG) (4, 5) . At this level of expression, expression of draT alone resulted in a Nif Ϫ phenotype, due to constitutive ADP-ribosylation of Fe protein (5) . While reversible ADP-ribosylation was observed upon coexpression of draT and draG, it is probable that DRAT and DRAG were improperly regulated, resulting in futile cycling of ADP-ribose. These results are analogous to those observed by Grunwald et al. (7) . Overexpression of draT alone in R. rubrum resulted in drastically decreased nitrogenase activity (although not due to constitutive ADP-ribosylation), while coexpression of draT and draG restored apparently regulated activity, although with a lowered initial nitrogenase activity. The previously described K. pneumoniae system also failed to express draB, which has been shown to have a role in ADP-ribosylation activities (13) . The expression system described here produces DRAT, DRAG, and DRAB at the low levels observed in R. rubrum, resulting in an initial nitrogenase activity as high as that of wild type (1,000 nmol ml Ϫ1 h
Ϫ1
). Expression of a regulated ADP-ribosylation system in K. pneumoniae allowed examination of the role of the redox state of Fe protein in posttranslational regulation. Previously, we have shown that in an R. rubrum nifD mutant, in which Fe protein is presumed to be predominantly in the reduced state, inactivation of Fe protein occurs at a much slower rate than in the wild type (8) . This result was also observed in the K. pneumoniae system, but the difference in inactivation rates was less than in R. rubrum. The lessened difference may be due to the fact that K. pneumoniae Fe protein is a better substrate for DRAT. As observed for in vitro results with A. vinelandii Fe protein (8) Fig. 4 . The extent of modification of Fe protein was monitored by anti-Fe protein immunoblotting. Traces represent data from } UN5482 (draTGB, wild-type background) (}), UN5484 (nifD background) ({), UN5485 (nifJ background) (s), and UN5486 (nifF background) (ᮀ). The data represent averages from four experiments. The standard deviation for each datum point is Ͻ30%. The beginning of reaction (inset) was defined as the last datum point at which modification was maximal for each experiment.
of K. pneumoniae. The similarity of the times to initiation of reactivation indicates that all strains perceive similarly the signal produced by the exhaustion of fixed nitrogen. In this experiment, the state of nitrogenase Fe protein is less well understood than in the inactivation period. It is unknown if ADP-ribosylated Fe protein can receive electrons from (or donate electrons to) the flavodoxin NifF or other electron carriers. It is possible that, in all strains, reduced Fe protein accumulates in the 30-min period during which Fe protein is ADP-ribosylated. Certainly in strain UN5486 (nifF), the leaky phenotype observed could lead to accumulation of reduced Fe protein when electron donation to MoFe protein is blocked by ADP-ribosylation. However, these results do not discount the possibility of regulation of DRAG activity in response to oxidation of Fe protein. None of the experiments in this study were conducted under growth conditions that would be expected to cause limitations in cellular reducing power. Rather, electron transfer was inhibited by deletion of electron carriers. Under growth conditions that give rise to a limitation in available reducing power, Fe protein might indeed accumulate in the oxidized state, inhibiting DRAG activity.
One prominent result in this study was the consistent modification of Ͼ50% of the subunits of nitrogenase Fe protein in UN5485 (nifJ) in response to exogenous ammonium. The consensus opinion has long been that only one subunit of each Fe protein dimer can be ADP-ribosylated by DRAT. However, there are now several reports of in vivo overmodification of Fe protein. In the study of Fu et al. (5) , draT was expressed at a high level in a K. pneumoniae nifF mutant. Even without the addition of an inactivating stimulus, an immunoblot of the extract of this mutant shows, clearly, more Fe protein-immunoreactive material in the slower-migrating position than in the unmodified position. Also, in an R. rubrum mutant bearing an "always active" form of DRAT (K103E), Ͼ50% of Fe protein subunits may be modified (Zhang, unpublished). Overmodification has also been demonstrated in A. brasilense cells in which protein synthesis has been terminated by chloramphenicol or tetracycline (Zhang, unpublished). It remains unclear if these examples are related. However, it is possible that DRAT is able to modify a previously uncharacterized form of Fe protein that is present only under oxidizing conditions (e.g., a monomeric Fe protein subunit) or that Fe dimers can undergo subunit exchange to form the doubly-modified species after formation of the mono-ADP-ribosylated dimer.
We have demonstrated that DRAT and DRAG activities, in K. pneumoniae, can be regulated in a manner consistent with the regulation observed in R. rubrum. This demonstration casts doubt upon models of the regulation of DRAT and DRAG that rely on a specific signal transduction pathway for regulation. DRAT and DRAG might be regulated in response to the proportion of Fe protein in the ATP-or ADP-bound state and the proportion in the reduced or oxidized state. Given at least these two parameters available for regulation, considerable fine-tuning of DRAT and DRAG activities could be possible. Thus, the point of convergence of signal transduction pathways from different stimuli could be nitrogenase Fe protein itself, with some inactivation signals giving rise to oxidation of Fe protein and others giving rise to a decrease in the ATP/ADP ratio. Many aspects of the dra regulatory system remain to be incorporated in this model, including the role of the draB gene product and the signal transduction pathway from the ammonium inactivation signal.
